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Introduction
Liver alcohol dehydrogenase (LADH) is a dimeric enzyme where each subunit of the enzyme contains a cofactor-binding domain and a Zn 2+ metal-containing catalytic domain. [1] NADH is a natural cofactor that functions as a hydride donor in enzymatic reactions where aldehydes and ketones are reduced to their respective alcohol moieties.
Binding of NADH occurs in close proximity to the Zn 2+ center of LADH enzyme. [2] Crystal structure data shows that NADH binds very tightly within the coenzyme-binding domain of liver alcohol dehydrogenase enzyme by utilizing direct electrostatic contacts with eight amino acid residues.
[3] N-benzyl-1,4-dihydronicotinamide, abbreviated as BNAH, has been used as a biomimetic in place of NADH for a variety of oxidoreductase enzymes including monoxygenases and dehydrogenases. [4, 5] BNAH is preferred in industrial applications because unlike NADH, it does not suffer from the high cost of preparation and instability under higher temperature and pressure [6] . In 2002, Lo and Fish showed that the nicotinamide moiety is the only essential requirement for catalysis in case of horse LADH enzyme. [4] Even though the nicotinamide moiety, which is crucial for catalysis, Jain et al.
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is identical in case of both NADH and BNAH, the chemical structure of BNAH, shown in Figure 1 , lacks the ribose, pyrophosphate, and adenine groups. These substantial changes in the chemical structure of BNAH likely exclude the formation of many of the amino acid interactions that typically occur in case of bound NADH [7] . It is important to note that the missing amino acids contacts in case of BNAH binding are only responsible for cofactor binding and not catalysis. Our work compares the catalytic activity of alcohol dehydrogenase (EC 1.1.1.1), isolated from horse liver, with a synthetic model zinc complex in the presence of BNAH as a cofactor. A typical reduction reaction of benzaldehyde to benzyl alcohol is shown in Figure 2 . Model enzyme complexes are synthetic complexes that mimic the active site of an enzyme in terms of chemical structure and redox properties. In case of liver alcohol dehydrogenase enzyme, the active site contains a zinc metal, which is ligated to a labile water molecule, two cysteine residues and one histidine residue (denoted as an 'SNS' ligand environment). [8] Synthetic model complexes are not only useful in industrial applications but they are also instrumental in understanding the activity and function of natural enzyme active sites. [9] Synthetic model complexes for liver alcohol dehydrogenase have been reported previously. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, comparative analysis of Jain et al.
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an enzyme's catalytic rate with that of a synthetic model active site complex needs further investigation. Several structural models for LADH have been reported with the same donor atoms as the metalloenzyme, but no reactivity data were reported for these complexes. Reactivity has been reported for zinc LADH model complexes with donor atoms that are different than the enzyme's active site.
[24]
We have modeled the structure and reactivity of the zinc active site using a new family of robust pincer ligands coordinating the same S,N,S donor atoms as the enzyme.
[ 23, 25] We are not aware of any enzyme comparative studies where LADH enzyme is compared to the activity of LADH model complexes.
In our comparative studies of LADH enzyme with a model active site complex, we have varied the substrates of the chemical reaction. Substrates that are similar in their geometric structure but vary in their electronic properties can affect reaction rates especially those involving oxidation and reduction. The presence of electron-donating groups (EDG) or electron-withdrawing groups (EWG) can affect the enzyme's catalytic activity. [26] We have utilized a total of five substrates in our work. Their chemical structures are shown in Figure 3 . We hypothesize that the reduction of an aldehyde substrate should be directly proportional to its ability to withdraw electron density away from the carbonyl carbon atom of the molecule. In comparison to benzaldehyde, panisaldehyde is expected to have a lower enzymatic rate under identical experimental conditions due to the presence of an -OCH3 substitution (EDG). Whereas 4-nitrobenzaldhyde, 2-pyridine carboxaldehyde, and 5-pyrimidine carboxaldehyde are expected to accelerate the reduction reaction due to the presence of EWG groups. In previous work, Blomquist reasoned that the electron density around the carbonyl carbon Jain et al.
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of an aldehyde substrate should have an effect on the kinetics of the LADH enzyme catalyzed reaction. [27] It was concluded that the electron withdrawing capability of a particular substrate tends to speed up the reaction rate in small increments. It was also found that the lipophilic nature of the substrate could stabilize the protein-substrate complex more so than polarized substrates, especially during the reaction when the substrate is in an excited polarized state.
We have used UV-Vis spectroscopy and cyclic voltammetry to correlate the rates of 
Experimental Section
Jain et al.
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Synthesis of BNAH and Determination of its Extinction Coefficient
BNAH (N-benzyl-1,4-dihydronicotinamide) was synthesized and purified in our laboratory according to previously published protocols. [4] Three samples of solid BNAH (2.0 mg, 5.0 mg, and 10.0 mg) were weighed out and dissolved in 1.0 mL of acetone.
Using each of these stock solutions, triplicate samples were prepared by diluting stock BNAH in 10 mM potassium phosphate buffer, pH 7.10. UV-Vis spectra were recorded and the absorbance value at 360 nm was used to calculate the extinction coefficient (4890
Alcohol Dehydrogenase Enzyme Assays
Disodium NADH salt, equine liver alcohol dehydrogenase enzyme, and the aldehyde substrates shown in Figure 3 
Reactivity with Synthetic Model Zinc Complexes
Model zinc complex 3c was synthesized in our laboratory according to previously published protocols. [6, 23, 25] In a typical reaction, 0.1 mmol of an aldehyde substrate, 0.2 mmol of BNAH, and 0.1 mmol of the zinc complex or 0.1 mmol ZnCl2 were dissolved in 3 mL of CDCl3. The reaction was heated at reflux. Aliquots of the reaction were taken at certain times and analyzed using 1 H NMR spectroscopy. All data are averages of at least two runs. All of the reagents and solvents were purchased from Acros
Organics except for 2-pyridine carboxaldehyde, which was purchased from Alfa Aesar.
Cyclic Voltammetry
Substrates used in the cyclic voltammetry (CV) studies were benzaldehyde, 4-nitrobenzaldhyde, p-anisaldehyde, 2-pyridine carboxaldehyde, and 5-pyrimidine carboxaldehyde. The supporting electrolyte solution was 0.1M tertbutylammonium perchlorate prepared in acetonitrile. Substrates were dissolved at a final concentration of 2 mM in the supporting electrolyte. CV was carried out using a gold electrode an Epsilon
Potentiostat with a BASi-C-3 cell stand. Briefly, 10 mL of the individual substrate solution was added to the sample chamber and warmed to room temperature. The initial and final potential was set at 0 mV. The switching potential was set to -1500 mV with a scan rate of 50 mV/s. Oxidation and reduction peaks (in mV) were used to calculate
Hammett constants for each substrate where benzaldehyde was used as a reference.
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Detailed calculations are shown in the supplementary information section and the data is shown as Table S2 .
Results & Discussion
We first determined whether the LADH enzyme under our experimental conditions could tolerate BNAH cofactor. The catalytic efficiency of LADH enzyme was measured under physiological conditions using BNAH as a biomimetic for NADH. Our work was carried out at pH 7.1 because it has been previously shown that the association of NADH to alcohol dehydrogenase enzyme is maximal below pH 9.
[27] The natural cofactor NADH has a UV-Vis absorption band centered at 340 nm whereas BNAH has a UV-Vis absorption band centered at 360 nm ( Figure 4 ). In our enzyme kinetic assay, a decline in the absorbance at these wavelengths is indicative of the oxidation of the cofactor (NADH to NAD + or BNAH to BNA + ) with the concomitant reduction of an aldehyde substrate to an alcohol. Least squares fit of the data (absorbance vs. time) was used to calculate the initial rate of the benzaldehyde reduction reaction in the presence of NADH and BNAH (inset, Figure 4 ). Results in Figure 4 show that LADH enzyme is able to effectively catalyze the reduction of benzaldehyde (rate of 5.0 ± 0.3 nmoles/min) in the presence of BNAH albeit at a lower rate in comparison to NADH (10.5 ± 0.3 nmoles/min). It is important to note that the oxidized species (BNA + ) does not absorb at 360 nm, which allows us to monitor the enzymatic reaction progress at this particular wavelength without interference from the oxidized molecule. Enzymatic reactions tend to slow down over time due to the depletion of substrate as well as due to product inhibition. [28] In all of our reactions, we observed an initial linear increase in product formation that plateaued Jain et al.
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over time. Initial rate data (first 2 minutes of each reaction) as well as total product formation over a longer duration are shown in the supplementary information section (Table S1) of the significant differences in the chemical structure between NADH and BNAH.
Although the chemical reaction involving the hydride transfer is the same in both cofactors, previous work has shown that BNAH (KM ~ 3.7 mM) binds to monooxygenase enzymes with a 130-fold lower affinity than NADH (KM ~ 27 M). [7] In an effort of further understand changes in reaction rates in the presence of NADH vs. BNAH, we conducted a substrate study to determine whether reactions rates are governed by the inductive effect imparted by each substrate. Hammett constants (σ) have been widely used in inorganic, organic and biophysical studies to gauge the changes in equilibrium constant of a substrate resulting from the substitution of a hydrogen atom on the aromatic ring by other functional groups. [29] We hypothesized that the reduction rate of an aldehyde substrate should be directly proportional to its ability to withdraw electron density away from the carbonyl carbon atom of the molecule. Previous work has shown that there is some plasticity in the alcohol dehydrogenase active site during reactions with substrates that vary in structure. [31] Furthermore, BNAH (although similar to NADH in its hydride donor reaction) is structurally distinct from NADH and likely binds weakly to the enzyme active site. In the absence of a lockand-key induced fit mechanism that is observed in a naturally occurring active site of the LADH enzyme with bound NADH, the electronic environment of the substrates is the primary driver of the reaction rates in the presence of BNAH.
Comparison with zinc model complexes
Recently, we prepared a series of tridentate SNS zinc(II) pincer complexes that model the zinc(II) active site of the LADH enzyme. [6, 23] The tridentate pincer SNS ligand precursors incorporate bis-thione substituted based imidazole and triazole moieties. The nitrogen donor atom comes from a nitrogen atom in a pyridine ring. [25] We wanted to determine whether the conclusions reached in our LADH trials with different substrates could be extended to a synthetic model enzyme complex. Synthetic model complexes have enormous potential especially in industrial applications because higher product yields can be achieved at elevated temperature and pressure which necessitates the use of synthetic model enzyme active sites as well as a cofactor mimetic like BNAH. For example, Schrock and co-workers have reduced dinitrogen to ammonia using a molybdenum catalyst. [32] The tridentate ligands used in some of these systems were relatively rigid as the pyridine and the imidazoles were directly bound to each other. By using the starting material 2,6-(dibromomethyl) pyridine, we introduced a methylene linker into the pincer ligand, thereby allowing us to examine the effect of ligand flexibility on substrate binding. We modified the electronic environment imparted by our ligand set through the use of imidazole-and triazole-based precursors. [33, 34] In order to understand the presence and sterics of ancillary alkyl groups on the ability of these model systems to reduce aldehydes, the ligands were prepared with imidazolyl or triazolyl rings having R groups of various sizes as shown in Figure 6 . [6, 23, 25] Based on the data we previously published, the choice of the alkyl group is important as zinc complex 3c ( Figure 6 ) gave the highest percent conversion for the conversion of 4-nitrobenzaldehyde to 4-nitrobenzyl alcohol in the presence of BNAH in refluxing CDCl3. [23] .
In order to correlate the biochemical assay results and the cyclic voltammetry results with our model system reactivity data, we screened zinc complex 3c for activity through the reduction of a variety of aldehydes in the presence of BNAH (eq. 1 and 2). As shown in Table 1 , the SNS zinc(II) complex enhances the rate of the reaction for the conversion of 4-nitrobenzaldehyde to 4-nitrobenzyl alcohol when compared to ZnCl2.
In no case was there any indication of reduction of nitro substituents. Use of the SNS zinc(II) complex results in quantitative conversion of 2-pyridine carboxaldehyde to pyridin-2-ylmethanol. 2-pyridine carboxaldehyde may be a good substrate for reduction by the zinc complex since there may be faster hydrogen transfer between the co-factor and the substrate, upon coordination to the zinc active site. Mechanistically, others have proposed a hydrogen atom transfer between the cofactor and the substrate upon coordination to the zinc active site based upon a previously reported mechanism for LADH enzyme offered by Makowska-Grzyska and co-workers. [35] A proposed mechanism for the reduction of aldehydes by LADH is given below in figure 7. The more electron rich aldehydes (Table 1 , entries 7 -12) were not reduced when the aldehydes were reacted with BNAH and the zinc complex. For these examples, the substrate itself may poison the zinc complex by coordinating to the zinc complex during the reaction. For the substrates where reduction was observed, the alcohol product may inhibit the reaction. As the alcohol is formed, it may coordinate to the zinc metal center as the reaction progresses, and thereby hinder the reaction.
Entries 2 and 5 in Table 1 indicate that ZnCl2 reacts stoichiometrically with electron-withdrawing aldehydes such as 4-nitrobenzaldehyde or 2-pyridine carboxaldehyde to yield the alcohol product to a small extent (ca. 18-19 % conversion 
Conclusions
Under physiological conditions, BNAH was used as a biomimetic for the natural cofactor NADH in reduction reactions catalyzed by liver alcohol dehydrogenase enzyme.
In order to better understand the changes in reaction rates in the presence of NADH and BNAH, we conducted a substrate study and found that natural cofactor NADH had a poor correlation (R 2 = 0.544) between the inductive effect exerted by the substrates and their corresponding enzymatic rate, while reactions conducted in the presence of BNAH cofactor showed an excellent correlation (R 2 = 0.972) between the inductive effect exerted by the substrates and the observed reaction rates. These results demonstrate that catalysis in the presence of NADH is largely dependent upon steric factors, whereas catalysis in the presence of BNAH is primarily influenced by the substrate's inductive effect. We also compared the catalytic activity of LADH enzyme with a synthetic model enzyme complex, tridentate SNS zinc(II) pincer compound that models the zinc(II) active Jain et al.
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site of the LADH enzyme in terms of chemical structure and redox properties. Current work in our laboratory is focused on the modifications of BNAH at the 1 and 6 positions of the nicotinamide ring with electron donating and electron withdrawing functional groups. Our aim is to determine whether the inductive effect argument and its subsequent effect on reaction rates can be extended to cofactors and not just substrates alone.
Graphical Abstract
Liver alcohol dehydrogenase enzyme vs.
Model Zinc Active Site Complex
Synopsis for Graphical Abstract (50 words)
We have compared the catalytic activity of liver alcohol dehydrogenase enzyme to a synthetic model active site zinc complex. Substrates that vary in their ability to donate or withdraw electron density from the reaction center were used to differentiate between geometric and electronic factors that govern the observed reaction rates.
Highlights
• Liver alcohol dehydrogenase enzyme can catalyze reduction reactions in the presence of BNAH (a biomimetic of NADH cofactor).
• Catalytic activity of the enzyme was compared to a synthetic model zinc active site complex.
• Substrates were varied to determine the role of steric and electronic factors.
• In the presence of NADH, steric factors govern reaction rates whereas in the presence of BNAH, the electronic environment of the substrate determines the reaction rates. 
